Article 


Langmuir 


pubs.acs.org/Langmuir 


Plasma-Enhanced  Copolymerization  of  Amino  Acid  and  Synthetic 
Monomers 

Kyle  D.  Anderson/  Seth  L.  Young/  Hao  Jiang,1'  Rachel  Jakubiak/  Timothy  J.  Bunning/  Rajesh  R  Naik/: 
and  Vladimir  V.  Tsukruk*'’ 

^School  of  Materials  Science  and  Engineering,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332,  United  States 

^Materials  and  Manufacturing  Directorate,  Air  Force  Research  Laboratory,  Wright-Patterson  Air  Force  Base,  Dayton,  Ohio 
45433-7702,  United  States 


ABSTRACT:  In  this  paper  we  report  the  use  of  plasma-enhanced  chemical  vapor  deposition 
(PECVD)  for  the  simultaneous  deposition  and  copolymerization  of  an  amino  acid  with  other 
organic  and  inorganic  monomers.  We  investigate  the  fundamental  effects  of  plasma- 
enhanced  copolymerization  on  different  material  chemistries  in  stable  ultrathin  coatings  of 
mixed  composition  with  an  amino  acid  component.  This  study  serves  to  determine  the 
feasibility  of  a  direct,  facile  method  for  integrating  biocompatible/ active  materials  into  robust 
polymerized  coatings  with  the  ability  to  plasma  copolymerize  a  biological  molecule  (l- 
tyrosine)  with  different  synthetic  materials  in  a  dry,  one-step  process  to  form  ultrathin 
coatings  of  mixed  composition.  This  process  may  lead  to  a  method  of  interfacing  biologic 
systems  with  synthetic  materials  as  a  way  to  enhance  the  biomaterial— tissue  interface  and 
preserve  biological  activity  within  composite  films. 


■  INTRODUCTION 

Chemical  vapor  deposition  (CVD)  methods  have  been  widely 
used  to  polymerize  materials  directly  on  a  variety  of  surfaces.1-4 
CVD  processes  have  been  designed  to  allow  organic  monomers 
to  undergo  in  situ  polymerization  during  the  deposition 
process,  resulting  in  a  stable  film  of  polymerized  material  on 
the  surface.  Polymerization  is  initiated  by  a  range  of  different 
stimuli,  including  radio  frequency  (rf)  plasma  radicalization, 
oxidation,  and  injection  of  an  initiator  into  the  reaction 
chamber.5  1-  Each  deposition  method  has  the  effect  of  creating 
a  polymerized  film  on  a  target  substrate  with  different  variations 
in  the  cross-linking  density  and  morphology  depending  on  the 
CVD  method  used  and  the  reaction  mechanisms.13  This  leads 
to  films  with  a  wide  range  of  unique  surface  properties  that  can 
be  tailored  for  many  specialized  applications. 

Plasma-enhanced  chemical  vapor  deposition  (PECVD)  is  a 
specific  form  of  CVD  which  has  been  adapted  from  its  common 
use  to  deposit  dielectrics  to  successfully  deposit  a  wide  range  of 
monomers  covering  many  traditional  polymers,  ranging  from 
styrene,  acrylonitrile,  and  benzene  to  responsive  materials  such 
as  poly(2-vinylpyridine)  and  poly(N-isopropylacrylamide)  to 
functional  amino  acids.14  2-  PECVD  represents  a  versatile 
“dry”  chemistry  fabrication  method  which  is  capable  of  utilizing 
precursors  in  solid,  liquid,  or  gas  form  for  facile,  rapid,  and 
solvent-free  fabrication  of  ultrathin  coatings  for  use  in  many 
systems.-3  26  There  is  a  growing  interest  in  the  deposition  of 
biological  molecules  via  PECVD,  which  can  potentially  be  used 
to  enhance  surface  functionalities  and  structures  for  cell 
viability  and  can  also  help  to  bridge  the  interface  between 
inorganic  and  biologic  components  of  integrated  systems  and 
biomedical  applications.3’-7  31 
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Biological  monomers  of  interest  are  oftentimes  in  the  form  of 
a  powdery  solid,  presenting  a  unique  set  of  challenges  for 
plasma  depositions  of  these  monomers.  Some  solid  monomers 
can  be  deposited  through  various  sublimation  methods 
whereby  the  monomers  are  preheated  in  the  plasma  chamber 
while  under  vacuum  and  vaporized  into  a  gas  phase.32  36  The 
reaction  proceeds  akin  to  any  gas-phase  monomer.  It  has  been 
demonstrated  that  sublimation  PECVD  is  compatible  with  a 
range  of  materials,  from  organometallics  to  amino  acids, 
providing  robust  and  stable  films.  ’  ’  ’  The  utilization  of 
sublimation  allows  solid  materials  which  are  not  easily 
vaporized  to  be  plasma  deposited,  opening  a  new  range  of 
solid  material  precursors  for  study. 

Amino  acids  might  be  deposited  via  sublimation  PECVD  and 
are  excellent  candidates  for  further  investigation  on  the  basis  of 
their  unique  functionalities  and  fundamental  biologic  character- 
istics.  ’  '  '  In  a  recent  study,  Lee  and  Frank  demonstrated 
vapor  deposition  of  a  wide  range  of  amino  acids  which  were 
firmly  grafted  to  a  substrate  and  preserved  their  composition 
and  functionalities.3  PECVD  lends  itself  well  to  copolymeriza¬ 
tions  of  two  or  more  chemical  species  to  facilitate  complex  and 
stable  functionalized  mixed  coatings.  However,  this  adds  a  layer 
of  complexity  to  the  deposition  process  given  the  different 
reactivities  of  the  precursors  used.  For  instance,  copolymeriza¬ 
tion  has  been  previously  reported  using  benzene  and 
octafluorocyclobutane  (liquid  and  gaseous)  monomers  which 
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are  copolymerized  in  the  plasma  simultaneously  to  fabricate 
films  with  controllable  refractive  indices.39 

One  challenge  with  this  fabrication  process  though  is 
determining  the  appropriate  deposition  conditions  which 
allow  a  controlled  reaction  of  different  organic  materials 
simultaneously.  This  challenge  is  magnified  when  using  one 
monomer  which  is  solid  and  must  be  sublimed  into  the  plasma 
stream  since  flow  rates  are  not  as  easily  controlled  as  they  are 
with  conventional  liquid-  and  gas-phase  monomers.  In  this 
regard  the  deposition  rates  of  each  material  must  be  matched 
on  the  basis  of  the  desired  end  ratio  of  the  final  film 
composition.  As  the  monomers  are  mixed  in  the  plasma  stream, 
they  form  highly  randomized  structures  which  when  deposited 
exhibit  characteristics  of  both  components.39'40  Despite  the 
utility  of  the  sublimation  PECVD  procedure  of  biological 
molecules,  examples  of  robust  and  uniform  binary  plasma- 
polymerized  films  utilizing  them  are  very  rare.  Developing  the 
capability  of  simultaneous  depositions  with  different  mono¬ 
mers,  including  bioactive  compounds,  of  any  important  material 
highlights  the  versatility  offered  to  the  composition  of  the 
resulting  plasma-polymerized  films. 

In  this  study,  we  demonstrate  the  PECVD  copolymerization 
of  the  sublimed  amino  acid  (L-tyrosine)  with  vaporized  liquid 
monomers,  which  results  in  stable  and  uniform  ultrathin 
coatings  with  unique  surface  morphologies  and  characteristics. 
PECVD  copolymerization  of  L-tyrosine  (Tyr)  was  carried  out 
with  several  different  monomers  such  as  acrylonitrile,  (ACN), 
2-hydroxyethyl  methacrylate  (HEMA),  and  titanium  tetraiso- 
propoxide  (TTIP).  The  organic  and  inorganic  functional 
monomers  used  were  chosen  to  demonstrate  the  feasibility  of 
the  integration  of  an  amino  acid  with  other  synthetic  materials 
which  have  been  extensively  studied  to  date.  The  amino  acid  l- 
tyrosine  was  chosen  for  this  study  due  to  important  bioactive 
function  in  peptides,  the  expected  compatibility  with 
sublimation  PECVD,  and  the  well-understood  plasma  deposi¬ 
tion  parameters.18,37  It  is  hoped  that  L-tyrosine  provides  insight 
into  the  copolymerization  of  biologic  molecules  with  other 
materials  for  many  biointerfacial  applications.3  A  single  amino 
acid  is  used  in  this  study  with  the  intention  of  further  expanding 
the  forthcoming  study  to  other  amino  acids  and  eventually 
longer  sequence  peptide  chains. 

ACN  was  utilized  due  to  its  compatibility  with  our  plasma 
deposition  process.  Many  previous  studies  have  evaluated  this 
polymer  and  its  deposition  characteristics.9,41,42  This  fact 
allowed  the  focus  of  this  deposition  to  be  centered  on 
controlling  the  tyrosine  deposition  rate  for  proper  material 
mixing  in  the  plasma.  HEMA  is  an  example  of  a  material  which 
has  been  previously  characterized  and  demonstrated  as 
biologically  compatible  with  its  use  in  implants.43,44  Previous 
studies  have  further  characterized  CVD  HEMA  as  a  swellable 
material.16'17,45,46  Any  future  integration  of  biological  materials 
to  form  composite  films  must  include  a  second  component 
which  has  been  well  characterized  and  is  understood  to  be 
biologically  compatible,  such  as  HEMA.47 

In  this  study  HEMA  serves  as  a  biocompatible  material  for 
copolymerization  as  it  has  been  previously  combined  with 
tyrosine  through  radicalization  via  peroxide  and  UV  polymer¬ 
ization.48  Finally,  titanium  tetraisopropoxide  was  used  since  it 
provides  a  facile  method  of  introducing  an  inorganic 
component  to  the  amino  acid  films.  Creating  such  an  interface 
on  the  nano-  to  microscale  in  this  manner  makes  it  a  potentially 
useful  interface,  which  more  easily  allows  the  integration  of 
implants  with  biological  systems.  The  different  materials 


selected  here  were  simultaneously  reacted  during  the  plasma 
deposition  to  (a)  determine  their  ability  to  form  ultrathin 
stable,  robust,  uniform  coatings  with  chemically  mixed 
composition  and  (b)  determine  the  copolymerization  charac¬ 
teristics  of  biologic  molecules  with  organic  and  inorganic 
materials  for  fabrication  of  bioactive  plasma-polymerized 
coatings. 

■  EXPERIMENTAL  SECTION 

Materials.  All  monomers,  L-tyrosine  (98%),  acrylonitrile  (99%),  2- 
hydroxyethyl  methacrylate  (97%),  and  titanium  tetraisopropoxide 
(97%)  were  purchased  from  Sigma-Aldrich  and  used  as  received  for  all 
plasma  processes  described  (Scheme  l).  All  depositions  were  carried 


Scheme  1.  Chemical  Structures  of  the  Compounds  Studied 
and  Diagram  of  the  Sublimation  PECVD  Chamber  Setup  for 
Copolymerization  with  an  Inlet  for  Additional  Monomers 
Showing  Flow  of  Monomers  to  the  Surface  in  a  Random 
Configuration" 


Tyr  ACN  HEMA  TTIP 

"Circles  represent  monomers  in  the  PECVD  chamber,  while  stars 
represent  radicals. 

out  on  highly  polished  single-crystal  {100}  silicon  wafer  substrates 
(University  Wafer)  cleaned  in  piranha  solution  (3:1  concentrated 
H2S04  and  30%  H202)  and  rinsed  with  Nanopure  water  (18  M£2  cm) 
according  to  the  accepted  procedure.49 

All  plasma  reactions  and  depositions  were  carried  out  in  a  custom- 
built  flowing  afterglow  plasma  chamber  which  utilized  a  capacitively 
coupled  rf  power  source  (13.56  MHz)  for  plasma  generation  in  a  low- 
pressure  argon  atmosphere.32,50,51  The  sublimation  of  tyrosine  in  the 
PECVD  chamber  was  mn  according  to  the  established  procedure  and 
utilized  both  downstream  and  plasma  zone  monomer  inlets,  where  the 
sublimation  boat  was  placed  downstream  of  the  plasma-generating 
zone.1  ’  '  The  specific  configuration  used  in  this  study  utilized  the 
modified  sublimation  chamber  with  a  heating  crucible  and  an  end  cap 
containing  a  second  inlet  for  the  liquid  monomer  delivery  (Scheme  l). 

The  solid  L-tyrosine  monomer  was  placed  in  a  resistively  heated 
tantalum  crucible  and  heated  to  approximately  200  °C  to  begin  the 
sublimation  and  then  subsequently  reduced  to  approximately  140  °C 
after  sublimation  had  begun  and  held  at  this  temperature  for  the 
remainder  of  the  deposition.  The  monomers  deposited  in  liquid  form 
(ACN,  HEMA,  TTIP)  were  placed  in  a  custom-built  vaporizing  tube 
connected  to  the  reaction  chamber  and  heated  to  60  °C  in  a  water 
bath.  The  lines  running  from  the  vaporizing  tube  to  the  chamber  were 
also  heated  to  60  °C  to  prevent  condensation  of  the  monomer  in  the 
tubes.  The  depositions  of  tyrosine,  ACN,  HEMA,  and  all  associated 
copolymerizations  were  mn  under  varying  sets  of  conditions  which 
were  in  the  ranges  listed:  20—45  W  power,  0.05—0.1  Torr  operating 
pressure,  20—50  seem  Ar  carrier  gas  flow  rate,  and  6—12  min 
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deposition  time.  The  variation  in  conditions  allowed  for  control  of  the 
cross-linking  density  of  the  film.54  The  TTIP  depositions  were  run 
under  identical  conditions  with  the  addition  of  an  oxygen  carrier  gas  at 
20—50  seem  instead  of  argon.  This  was  used  for  both  the  pure  PP- 
TTIP  and  PP-Tyr/TTIP  films.  After  the  plasma-enhanced  deposition, 
the  films  were  removed  from  the  chamber  and  allowed  to  rest  for  a 
minimum  of  48  h  before  further  modification  or  analysis  to  allow  all 
internal  stresses  to  equilibrate. 

Characterization.  Atomic  force  microscopy  (AFM)  images  were 
collected  using  an  Icon  AFM  microscope  with  a  Nanoscope  V 
controller  (Bruker)  under  the  quantitative  nanomechanical  mapping 
(QNM)  regime  in  air.55  Triangle  ScanAsyst-Air  cantilevers  (Bruker) 
with  a  nominal  spring  constant  of  0.4  N  m-1  were  used  for  all 
measurements.  Scan  sizes  from  20  /im  to  500  nm  were  collected  at  an 
optimized  scan  rate  of  1  Hz.  The  surface  distribution  of  relative 
mechanical  properties  was  collected  in  the  peak-force  mode,  and  the 
Derjaguin— Muller— Toropov  (DMT)  model  was  used  to  calculate  the 
elastic  modulus.56'57  All  surface  (rms)  microroughness  measurements 
were  conducted  over  six  1  X  1  fi m2  area  and  averaged  over  several 
surface  locations. 

Surface  compositions  were  obtained  with  X-ray  photoelectron 
spectroscopy  (XPS)  using  a  Thermo  K-Alpha  XPS  system  with  an  Al 
Ka  source  and  utilizing  charge  neutralization.  The  initial  spectra  were 
collected  over  the  range  of  0—1300  at  1  eV  steps  with  a  spot  size  of 
300  fim  averaged  over  two  scans.  High-resolution  scans  were 
performed  in  the  range  of  relevance  for  specific  elements  at  0.1  eV 
steps  and  averaged  over  five  scans.  Energy-dispersive  spectroscopy 
(EDS)  was  performed  with  an  Oxford  system  on  a  Hitachi  S-3400 
scanning  electron  microscope. 

Fourier  transform  infrared  (FTIR)  spectroscopy  measurements 
were  conducted  using  a  Bruker  FTIR  spectrometer  (Vertex  70) 
equipped  with  a  narrow-band  mercury  cadmium  telluride  detector  in 
reflection  mode.58  Spectra  were  collected  from  4000  to  500  cm-1  at  1 
cm-1  resolution,  and  16  scans  were  averaged.  All  thickness  and  optical 
measurements  were  performed  using  an  M-2000U  variable-angle 
spectroscopic  ellipsometer  (Woollam  Co.)  with  measurements  at  65°, 
70°,  and  75°  and  a  spectral  range  from  350  to  1000  nm.  All  modeling 
of  ellipsometric  data  was  done  using  a  Cauchy  model  in  accordance 
with  the  usual  practice.59  Contact  angle  measurements  were  collected 
using  a  KSV  CAM  100  system  and  placing  a  2  /iL  drop  on  the  surface. 

■  RESULTS  AND  DISCUSSION 

Single-Material  Depositions.  Prior  to  beginning  copoly¬ 
merization  PECVD  experiments,  each  monomer  was  deposited 
and  characterized  independently  to  evaluate  the  quality  of  the 
ultrathin  films  formed.  All  monomers  were  deposited  on  clean 
silicon  substrates  and  characterized  by  AFM  to  determine  the 
morphology  of  the  PECVD  films  and  the  mechanical  stability 
of  each  coating.  All  films  were  deposited  to  a  thickness  of 
between  200  and  300  nm  as  measured  by  spectroscopic 
ellipsometry  and  were  characterized  with  FTIR  and  XPS  to 
determine  the  composition  in  addition  to  AFM.  Significant 
differences  were  noted  in  the  morphology  among  the  four 
materials  evaluated  here. 

AFM  imaging  shows  the  resulting  depositions  of  all  materials 
on  clean  silicon  surfaces  (Figures  1  and  2).  The  dry  L-tyrosine 
(PP-Tyr)  powder  was  sublimed  for  deposition  (Figures  1A  and 
2A).  The  liquid  acrylonitrile  (PP-ACN)  monomer  was 
deposited  by  the  standard  vaporization  method  (Figures  IB 
and  2B);  and  the  liquid  HEMA  (PP-HEMA)  monomer  was 
heated  to  60  °C  and  deposited  as  a  standard  vapor  deposition 
(Figures  1C  and  2C).  Large-scale  AFM  images  show  very 
uniform  surface  morphology  of  all  films,  indicating  highly 
homogeneous  composition  with  low  surface  microroughness, 
which  is  indicative  of  uniform  cross-linking  and  wetting  of  the 
deposits  of  all  components.  These  films  are  free  of  pinhole 
defects  as  well.  This  observation  is  in  good  agreement  with 


Figure  1.  AFM  images  of  (A)  PP-Tyr,  (B)  PP-ACN,  (C)  PP-HEMA, 
and  (D)  PP-TTIP  coatings.  The  left  images  show  the  topography 
(z(A,B,C)  =  4  nm,  z(D)  =  24  nm),  and  the  right  images  show  the 
relative  surface  stiffness  (arbitrary  z  scales). 

previous  studies  of  tyrosine  and  published  literature  regarding 
HEMA.16'18  The  surface  microroughness  of  each  sample  was 
measured  to  be  0.6,  0.3,  and  0.4  nm  for  PP-Tyr,  PP-ACN,  and 
PP-HEMA,  respectively,  which  correspond  to  values  usually 
reported  for  PECVD  films  in  the  literature  for  different 
materials.60  These  values  correlate  well  with  our  previous  data 
for  microroughness  for  the  various  polymer  and  amino  acid 
films  obtained  via  PECVD.18'41 

Corresponding  high-magnification  AFM  images  show  the 
differences  in  the  fine  morphologies  of  the  plasma-polymerized 
films  of  each  coating  (Figure  2).  The  PP-Tyr  film  shows  a 
distinctive  morphology  composed  of  many  small,  distinct 
needle-like  domain  structures  (~50— 100  nm  in  length  and 
diameter  below  10  nm)  which  differs  from  the  more  uniform 
texture  features  of  PP-ACN  and  PP-HEMA  films  where  the 
dimensions  of  isolated  round  grains  are  within  20—50  nm.  The 
PP-Tyr  structure  becomes  clearly  evident  under  the  highest 
resolution  scanning  (300  nm  X  300  nm),  where  it  is  observed 
that  the  domains  are  in  fact  individual  tubular  structures  in 
random  orientations  on  the  surface  (Figure  2A,  right  image). 
Three  organic  films  show  significant  differences  in  morphology, 
structure,  and  roughness  when  compared  to  the  much  rougher 
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Figure  2.  High-resolution  AFM  images  of  (A)  PP-Tyr,  (B)  PP-ACN, 
(C)  PP-HEMA,  and  (D)  PP-TTIP  coatings:  (left)  topography 
(z(A,B,C)  =  4  nm,  z(D)  =  24  nm),  (center)  relative  surface  stiffness 
(arbitrary  z  scales),  (right)  high-resolution  topography  (z  =  4  nm  (A), 
6  nm  (B),  3  nm  (C),  and  24  nm  (D)). 

PP-TTIP  inorganic  coating.  These  distinctions  in  film 
morphology  are  important  to  note,  as  they  govern  properties 
such  as  microroughness  and  show  that  each  material  will 
deposit  in  a  unique  manner,  even  under  similar  deposition 
conditions. 

The  PP-TTIP  film  was  deposited  in  an  oxygen-rich 
atmosphere  as  a  homogeneous  film  on  a  larger  scale  and 
showed  a  characteristically  coarse  grainy  surface  with  a  high 
porosity  composed  of  aggregated  and  coarser  features  with 


cluster  dimensions  above  40  nm  which  are  composed  of  10—20 
nm  round  grains  (Figure  2D).  Such  morphology  results  from 
the  plasma  deposition  in  the  presence  of  oxygen  as  previously 
reported.61,62  According  to  previous  studies,  the  resulting 
porous  surface  is  a  product  of  the  deposition  in  an  oxygen-rich 
environment  in  which  the  titanium  atom  of  the  TTIP  will 
completely  radicalize  to  a  Ti++  state.  This  is  in  contrast  to  the 
partial  radicalization  (Ti3+)  which  occurs  in  a  pure  argon 
environment  and  is  resistant  to  complete  oxidation  upon 
removal  from  the  vacuum.36'63,64  The  surface  microroughness 
of  the  pure  titania  film  was  measured  at  3.6  nm,  which  is  much 
larger  than  that  measured  for  the  organic  and  biological  plasma- 
deposited  films  and  larger  than  that  of  a  PP-TTIP  film 
deposited  under  an  argon  atmosphere.  The  oxygen-rich 
deposition  was  used  as  a  method  to  promote  the  highest 
possible  valence  state  of  the  titanium  atom,  allowing  for  an 
increased  number  of  bonding  sites  for  oxygen,  which  creates 
titania  molecules  with  a  2:1  oxygen: titanium  stoichiometry.  In 
some  instances,  the  introduction  of  oxygen  may  provide  a 
nonideal  deposition  regime  for  the  second  material  as  oxidation 
can  occur.  However,  it  was  observed  that  the  resulting 
copolymerized  films  were  stable  when  deposited  with  oxygen 
present  in  the  chamber  and  were  not  significantly  affected  by 
this  change  in  the  atmosphere. 

The  AFM  images  of  each  of  these  materials  show  the 
topography  and  the  relative  surface  stiffness  distribution  (in 
relative  units)  obtained  from  peak-force  mode  scanning 
(Figures  1  and  2). 65  In  addition  to  a  smooth  topography,  all 
coatings  exhibit  a  uniform  surface  stiffness  across  the  surface 
with  very  modest  variation,  indicating  that  there  are  no  local 
surface  regions  of  dramatically  different  mechanical  properties, 
and  thus,  a  uniform  distribution  in  cross-linking  density  of  the 
plasma-deposited  films  can  be  suggested.  When  compared  to 
the  traditional  spin-cast  films  of  the  same  materials  (both 
monomer  and  polymer  coatings),  the  plasma-deposited  films 
were  seen  to  be  much  more  stable,  have  greater  adhesion  to 
substrates  and  were  much  more  uniform,  albeit  ultrathin 
coatings. 

Chemical  Composition  of  Single-Material  Films:  FTIR 
Studies.  The  chemical  composition  of  plasma-polymerized 
films  was  evaluated  from  FTIR  spectra  with  several  character¬ 
istic  peaks  detectable  for  each  monomer  (Scheme  1,  Table  1, 
Figure  3).  The  PP-Tyr  film  shows  key  absorption  peaks  around 
3200  cm-1,  which  corresponds  to  the  O— H  stretch,  and  around 


Table  1.  Polymerized  Films  with  the  FTIR  Peak  Assignment 


PP-TYR 

PP-ACN 

PP-HEMA 

PP-TTIP 

PP-TYR/ ACN 

PP-TYR/HEMA 

PP-TYR/TTIP 

NH  stretch 

3270 

3263 

OH  stretch 

3208 

3283 

3256 

3204 

3200 

amine  peak 

3025 

3024 

CH2  asymmetric  stretch 

2940 

2970 

2962 

2935 

CH3  symmetric  stretch 

2873 

2875 

C=N  stretch  (cyano) 

2215 

2220 

C=0  stretch 

1723 

1725 

C— C  stretch 

1610 

1675 

1640 

1628 

1611 

1611 

1612 

C-C/C-H  (ring) 

1514 

1515 

1516 

1515 

CH2  in-plane  bending 

1450 

1459 

1452 

1456 

1447 

C— C  stretch 

1332 

1344 

1331 

1330 

1330 

ring  OH  vibration 

1257 

1244 

1247 

1250 

NH2  backbone  bending 

829 

840 

839 

857 

Ti-O 

696 

697 
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Wavenumber,  cm'1 


Figure  3.  ATR-FITR  (ATR  =  attenuated  total  reflection)  spectra  from  coatings:  (A)  PP-Tyr,  (B)  PP-ACN,  (C)  PP-HEMA,  (D)  PP-TTIP. 


3000  cm-1,  representing  an  amine  peak  (Figure  3A).66  The 
preservation  of  the  ring  structure  during  plasma-assisted 
polymerization  is  confirmed  by  the  presence  of  peaks  at 
1610,  1514,  and  1332  cm-1  which  correspond  to  the  intact 
aromatic  ring  C— C  double  and  single  bond  vibrations.67  The 
peak  seen  at  1257  cm-1  confirms  the  presence  of  O— FI  groups 
attached  to  the  aromatic  ring.  The  NH2  bending  vibration  peak 
occurring  at  829  cm-1  in  the  PP-Tyr  film  has  been  previously 
observed  to  be  a  marker  present  in  polytyrosine  which  shifts 
during  cross-linking  from  an  original  position  of  876  cm-1.18 
This  band  is  a  key  indicator  of  the  cross-linking  that  is 
occurring  in  the  film  as  it  is  deposited. 

The  FTIR  spectrum  for  the  PP-ACN  film  shows  several 
intense  peaks  indicative  of  a  high  degree  of  cross-linking  (Table 
1,  Figure  3B).  The  first  is  seen  as  a  large,  broad  peak  around 
3270  cm-1  present  from  the  N— FI  stretching,  and  the  second  is 
the  C=N  stretching  mode  seen  around  1675  cm-1  along  with 
the  peak  at  1092  cm-1  from  C— N  which  results  from  the  cyano 
group  dissociation  and  cross-linking.41  The  observed  peaks  of 
CH2  stretching  at  2940  cm-1  and  C— C  stretching  at  1450  cm-1 
are  also  indicators  of  the  preservation  of  backbones.  The  C=N 
stretch  seen  around  2215  cm-1  is  characteristic  of  the  cyano 
group,  indicating  its  presence  in  the  plasma-deposited  film. 

The  PP-HEMA  spectra  exhibit  several  characteristic  peaks, 
including  a  broad  O— H  stretch  around  3283  cm-1  and  a  C=0 
stretch  at  1723  cm-1  (Figure  3C).45  Both  of  these  groups  are 
seen  in  the  side  structure,  and  their  presence  indicates  that  they 


remained  intact  during  the  plasma  deposition.  Additional  side 
chain  peaks  also  seen  are  a  CH2  asymmetric  stretch  at  2970 
cm-1,  a  CH,  symmetric  stretching  at  2873  cm-1,  CH2  in-plane 
bending  at  1459  cm-1,  and  C— O— C  asymmetric  and  symmetric 
stretching  vibrations  at  1079  and  1037  cm-1.  As  indicated  by 
Pfluger  et  ah,  the  absence  of  a  peak  in  the  range  of  3060—3010 
cm-1  and  at  1600  cm-1  indicates  that  no  H — C=C  structure  is 
present  in  the  PECVD  film,  indicating  no  residual  monomer,  as 
this  double  bond  structure  is  not  expected  in  a  polymerized 
HEMA  film.  Also,  the  OH  peak  around  3300  cm-1  is  expected 
to  be  minimized  with  higher  cross-linking,  which  is  the  case  in 
the  sample  measured,  indicating  that  significant  cross-linking  is 
occurring  in  the  PP-HEMA  film.46  This  agreement  of  the 
measured  PP-HEMA  films  with  established  literature  values 
provides  strong  evidence  of  efficient  polymerization  occurring 
under  given  plasma  deposition  conditions.16’68 

Finally,  the  PP-TTIP  film  exhibited  a  characteristic  Ti— O 
peak  near  700  cm-1  (Figure  3D).  The  peak  seen  is  expected  to 
contain  minimal  contributions  from  the  silicon  substrate  as 
these  peaks  were  carefully  accounted  for  during  the  measure¬ 
ments  and  result  primarily  from  the  convolution  of  the  Ti— O 
and  residual  carbon  peaks,  indicating  polymerization  reactions 
in  accordance  with  known  mechanisms.69  In  this  case  additional 
carbon  peaks  are  seen  at  1628  and  1344  cm-1  that  correspond 
to  the  C=C  and  CH3  bending  vibrations,  respectively.68  The 
O— H  stretching  peak  at  3256  cm-1  is  also  consistent  with  the 
predicted  reaction  products  as  well  as  a  result  of  the  silicon 
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Table  2.  Atomic  Percentages  of  Key  Elements  from  XPS  Data 


theoretical  composition  experimental  results 


compound/composition 

C 

O 

N 

Ti 

Cls 

Ols 

Nls 

Ti2p 

Tyr 

59.6 

26.5 

7.7 

0.0 

68.5 

21.8 

9.7 

0.0 

ACN 

67.8 

0.0 

26.4 

0.0 

71.0 

13.5 

12.8 

0.0 

HEMA 

55.3 

36.9 

0.0 

0.0 

77.6 

22.4 

0.0 

0.0 

TTIP 

50.7 

22.5 

0.0 

16.9 

34.1 

48.2 

2.0 

15.9 

composite  films 

Tyr/ ACN 

61.5 

20.5 

12.0 

0.0 

69.6 

21.2 

7.5 

0.0 

Tyr/HEMA 

57.8 

30.8 

4.5 

0.0 

75.4 

21.6 

3.0 

0.0 

Tyr/TTIP 

54.1 

24.1 

3.0 

10.3 

69.2 

22.9 

6.8 

0.0 

Figure  4.  XPS  plots  for  (A)  PP-Tyr,  (B)  PP-ACN,  (C)  PP-HEMA,  and  (D)  PP-TTIP  coatings. 


substrate  used  where  surface  hydroxylation  occurs  during  the 
cleaning  process.  This  spectrum  confirms  the  presence  of  the 
titania  as  well  as  expected  byproduct  from  the  dissociation  of 
the  TTIP  monomer  during  the  plasma  deposition. 

Overall,  the  FTIR  results  discussed  above  confirm  that  the 
PECVD  coatings  contain  key  chemical  features  intact  and  are 
not  structurally  compromised.  The  data  also  indicate  that  chain 
formation  and  cross-linking  are  occurring  among  the 
monomers  as  they  are  deposited. 

Chemical  Composition  of  Single-Material  Films:  XPS 
Analysis.  XPS  analysis  of  the  plasma-polymerized  coatings 
confirms  the  expected  compositions  corresponding  to  their 
original  chemical  structures  (Scheme  1,  Table  2).  PP-Tyr  and 
PP-ACN  showed  the  expected  carbon,  nitrogen,  and  oxygen 
peaks,  whereas  PP-HEMA  shows  only  the  carbon  and  oxygen 
peaks  (Figure  4A— C,  Table  2).  The  PP-TTIP  film  shows  a 


strong  Ti  peak  as  well  as  significant  oxygen  with  some  residual 
carbon  content  in  the  film  (Figure  4D).  The  residual  carbon  in 
the  PP-TTIP  film  results  from  the  number  of  methyl  groups 
attached  to  the  oxygen  atoms  which  react  to  form  a  separate 
carbon  system  that  is  deposited  on  the  surface  as  detailed 
elsewhere.63 

The  measured  compositions  generally  correspond  well  to 
theoretically  calculated  ones  on  the  basis  of  the  chemical 
structures  of  the  monomers  (Table  2).  This  correlation 
indicates  that  the  plasma-deposited  films  are  maintaining 
roughly  the  same  atomic  composition  of  the  monomers,  except 
for  a  few  cases,  notably  PP-HEMA,  which  shows  an  excess  of 
carbon,  likely  resulting  from  surface  carbon  contamination 
upon  exposure  to  air.  Both  the  PP-TTIP  films  show  less  carbon 
and  more  oxygen  than  expected,  which  is  likely  due  to  the  loss 
of  carbon  as  a  byproduct  of  the  deposition,  which  is  aimed  at 
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capturing  the  titanium  and  oxygen  on  the  surface.  Since  this 
deposition  was  done  in  an  oxygen-rich  plasma,  contributions  to 
the  oxygen  content  of  the  film  could  also  be  present  from  this 
source  as  well  as  absorption  from  the  atmosphere,  as  is  likely 
the  case  with  PP-ACN.64 

Copolymerizations  of  Different  Compounds.  The  first 
copolymerization  of  L-tyrosine  and  ACN  was  carried  out  with 
simultaneous  use  of  the  sublimation  apparatus  and  vapor 
bubbler  to  introduce  both  materials  to  the  plasma  reactor.  Care 
was  taken  to  match  the  deposition  rates  of  the  two  materials  to 
minimize  nonuniformity  of  the  mixed  films  deposited. 
Matching  the  deposition  rates  was  done  by  first  depositing 
PP-Tyr  on  a  clean  silicon  wafer  and  measuring  the  thickness, 
giving  a  deposition  rate  calibration  for  a  particular  set  of 
conditions.  These  conditions  were  then  verified  for  compati¬ 
bility  with  the  second  monomer,  and  an  appropriate  monomer 
flow  rate  for  the  second  monomer  was  then  calibrated  so  that 
the  two  monomers  could  be  simultaneously  deposited. 

At  a  large  scale,  the  resulting  composite  films  from  two 
different  monomers  are  relatively  smooth  and  defect  free, 
showing  relatively  few  features  (Figure  5).  There  was  an 


Figure  5.  AFM  images  of  copolymerized  films:  (A)  PP-Tyr/ACN,  (B) 
PP-Tyr/HEMA,  (C)  PP-Tyr/TTIP,  (left)  topographies  A  (z  =  14 
nm),  B  (z  =  8  nm),  and  C  (z  =  24  nm),  (right)  surface  stiffness 
(arbitrary  z  scales). 

increase  seen  in  the  surface  microroughness  compared  to  that 
of  the  two  single-material  depositions.  The  microroughness  was 
measured  at  1.4  nm,  which  represents  a  3-fold  increase  over 
that  of  the  single-monomer  films.  Apparently,  mixing  two 
monomers  results  in  the  cross-linked  network  having  regional 
variations  and  a  grainy  morphology,  which  increases  the  overall 
roughness  of  the  film.  The  typical  surface  feature  size  ranges 
from  5  to  10  nm  in  height  and  from  approximately  10  to  50  nm 
laterally,  depending  on  the  film  composition.  Overall  the 


surface  stiffness  remains  relatively  uniform  on  a  large  scale, 
confirming  the  absence  of  microscopic  dewetting  and 
aggregation. 

Next  L-tyrosine  and  HEMA  monomers  were  deposited  onto 
the  silicon  surface  simultaneously  while  under  an  argon 
atmosphere.  The  deposition  rates  of  L-tyrosine  and  HEMA 
were  matched  so  that  the  deposition  occurred  with  a  deposition 
rate  of  approximately  20  nm/min.  Heating  of  the  L-tyrosine 
monomer  was  begun  prior  to  engagement  of  the  plasma  so  that 
the  material  would  be  subliming  as  soon  as  the  plasma  was 
activated  and  HEMA  introduced  into  the  system.  Both  the 
ACN  and  the  HEMA  monomers  deposited  similarly  to  the  l- 
tyrosine  but  produced  dissimilar  features  in  the  final  film. 

An  interesting  and  distinct  microstructure  was  observed  in 
the  composite  film  that  is  not  seen  in  either  of  the  monomer 
films  under  high-resolution  AFM  imaging  (Figure  6).  The 


Figure  6.  High-resolution  AFM  images  of  composite  films:  (A)  PP- 
Tyr/ACN,  (B)  PP-Tyr/HEMA,  (C)  PP-Tyr/TTIP,  (left)  top¬ 
ographies  A  (z  =  14  nm),  B  (z  =  8  nm),  and  C  (z  =  24  nm), 
(center)  surface  stiffness  (arbitrary  z  scales),  (right)  high-resolution 
topography  (z  =  8  nm  (A),  8  nm  (B),  and  16  nm  (C)). 

surface  stiffness  distribution  shows  some  inhomogeneities 
which  are  also  seen  in  the  topography.  These  variations  of 
topographical  features  are  measured  to  be  less  than  4  nm  in 
height  and  are  only  clear  at  the  highest  magnifications. 
Moreover,  the  PP-Tyr/ACN  film  shows  tubular-like  structures 
very  similar  to  those  observed  for  the  PP-Tyr  film  but  in  a 
much  more  diluted  version.  A  distinctive  morphology  also  seen 
in  the  PP-Tyr/HEMA  film  is  reminiscent  of  the  appearance  of  a 
microphase-separated  system  at  the  nanoscale.  There  is  a 
distinct  lack  of  tubular-like  PP-Tyr  morphological  structures  in 
the  PP-Tyr/HEMA  film  that  are  seen  in  both  PP-Tyr/TTIP 
and  high-resolution  PP-Tyr/ACN.  A  more  uniform  weakly 
phase  separated  surface  is  seen  in  PP-Tyr/HEMA.  The 
copolymerized  PP-Tyr/HEMA  film  was  seen  to  be  defect 
free  with  a  measured  surface  microroughness  of  0.8  nm,  a  small 
increase  over  that  of  the  pure  PP-HEMA  film. 
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Figure  7.  AFM  image  showing  (A)  relative  adhesion  of  the  PP-Tyr/TTIP  needle  structures  and  (B)  the  topography  cross-section  (along  the  white 
line  in  (A))  detailing  the  height  and  width  (nm)  of  the  needles. 


Figure  8.  ATR-FTIR  spectra  of  composite  coatings:  (A)  PP-Tyr/ ACN,  (B)  PP-Tyr/HEMA,  (C)  PP-Tyr/TTIP. 


The  final  copolymerization  study  utilizing  a  liquid  inorganic 
component,  titanium  isopropoxide,  and  solid  L-tyrosine  was 
conducted  with  the  two  monomers  being  vaporized  and 
exposed  to  the  plasma  simultaneously.  Titanium  isopropoxide 
was  heated  in  a  liquid  state  to  facilitate  vaporization,  while  l- 
tyrosine  was  sublimed  in  the  same  manner  used  for  the  single¬ 
monomer  depositions.  The  combination  of  these  two  materials 
showed  a  highly  unique  microstructure  consisting  of  large 
needle-like  structures  embedded  in  a  uniform  matrix,  which  has 
not  been  observed  in  any  of  our  previous  plasma  deposition 
studies  (Figures  5C  and  6C).  These  needle-like  structures  are 
prominently  visible  in  the  adhesion  variation  and  are  typically 
measured  to  be  200—600  nm  in  length  and  20—25  nm  in  height 


as  can  be  concluded  from  AFM  cross-section  images  (Figure 
7).  We  suggest  that  these  needle-like  structures  are  composed 
of  PP-Tyr  structures  which  have  grown  to  larger  sizes  as 
compared  to  the  nanoscale  features  seen  on  the  PP-Tyr  film 
and  reported  in  the  literature.70,71  These  studies  suggest  the 
formation  of  tubular  structures  based  upon  tyrosine  is  possible 
under  vacuum  deposition  conditions  and  a  similar  phenomen¬ 
on  may  be  occurring  in  our  plasma  deposition  process.7-  These 
structures  are  likely  seen  on  the  surface  of  the  film  as 
sublimation  will  continue  for  a  short  time  after  the  heating 
crucible  and  plasma  are  switched  off  while  the  crucible  cools. 
Tubular  structures  from  amino  acids  are  well  documented 
under  this  type  of  physical  vapor  deposition  and  will  cover  the 
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Figure  9.  XPS  of  composite  coatings:  (A)  PP-Tyr/TTIP  (inset,  EDS  spectrum).  High-resolution  XPS  scan  of  the  carbon  region:  (B)  PP-Tyr  and 
PP-ACN,  (C)  PP-Tyr  and  PP-HEMA,  (D)  PP-Tyr  and  PP-TTIP.  (E)  Representative  plot  showing  peak  deconvolutions  of  the  PP-Tyr  film. 


surface  with  pure  tyrosine,  masking  the  titanium  signal  when 
evaluated  via  XPS.  Any  large-scale  or  repeated  microphase 
separation  in  the  system  is  unlikely  due  to  the  rapid  step  growth 
mechanisms  of  film  formation  in  PECVD.  When  radicalized 
species  react,  they  will  tend  to  do  so  randomly.  Local 
inhomogeneities  may  well  exist  in  the  film  as  the  plasma 
deposition  process  is  subject  to  a  degree  of  monomer  mixing 
and  randomness  during  the  deposition  and  a  truly  homoge¬ 
neous  film  would  require  perfect  distribution  of  the  vaporized 
monomers.  Additionally,  some  radicals  go  unreacted  and  are 
held  in  place  through  the  cross-linked  network  which  is  formed 
and  do  not  permeate  from  the  film.  This  would  imply  that  any 
phase  separation  occurring  after  the  deposition  is  unlikely. 


In  fact,  these  needle-like  structures  are  dramatically  different 
in  comparison  to  the  reported  titania  structures  deposited 
under  oxygen  at  298  K.61  Previous  studies  have  shown  titania 
structures  with  the  round  and  pitted  features  seen  on  our  films 
by  AFM  (Figure  2  D).  No  needle-like,  lateral  features  across  the 
top  of  the  film  were  reported;  only  vertical  features  running 
though  the  depth  of  the  deposited  layer  were  of  prominence.  In 
addition,  the  surface  stiffness  map  shows  little  to  no  relative 
change  in  the  mechanical  properties  of  the  features  (Figure 
6C).  This  is  an  indication  that  while  features  are  forming  in  the 
film  during  the  deposition,  they  are  of  a  homogenized 
composition,  and  no  stiffness  contrast  is  observed  as  would 
be  expected  for  titania-based  structures.  Also,  needle-like 
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structures  show  low  adhesion  when  compared  to  the  rest  of  the 
surface,  which  should  be  expected  for  the  crystal  surface  in 
comparison  with  the  disorganized  surrounding  surface  (Figure 
7 A).  Finally,  the  absence  of  a  clear  titanium  signal  in  the  XPS 
scan  sensitive  to  the  topmost  10  nm  indicates  that  the  upper 
surface  structures  cannot  be  composed  of  TTIP  monomers 
(see  below). 

Chemical  Composition  of  Composite  Films:  FTIR,  XPS, 
and  Spectroscopic  Ellipsometry.  Common  characteristic 
peaks  on  FTIR  spectra  are  seen  for  the  composite  films  and  the 
single  material  films  (Table  1,  Figure  8).  PP-Tyr/ACN  showed 
major  absorption  peaks  from  each  monomer,  including  the  C= 
N  stretch  of  the  cyano  group  seen  near  2220  cm-1  and  the 
broad  O— H  peak  of  tyrosine  centered  near  3200  cm-1 
combined  with  broad  amine  peaks  and  C— H  peaks  near 
3000  and  2960  cm-1.41,66  Additional  peaks  correspond  well 
with  the  remaining  PP-Tyr  peaks  seen  in  the  single-material 
film,  especially  those  of  the  aromatic  ring  at  1611  and  1515 
cm-1.  The  C=N  stretch  seen  in  the  PP-ACN  film  is  still 
present  near  1675  cm-1,  but  is  convoluted  with  the  aromatic 
ring  peak  of  PP-Tyr  and  not  readily  visible.  The  PP-Tyr/ 
FIEMA  composite  film  shows  all  of  the  characteristic  FTIR 
peaks  of  the  PP-Tyr  film  in  addition  to  the  C=0  stretch  seen 
in  PP-HEMA  at  1725  cm-1,  which  not  seen  in  the  PP-Tyr  film. 

Peaks  were  also  seen  near  1160  cm-1  indicating  C— O 
bonding  and  1079  and  1037  cm-1  for  C— O— C  asymmetric  and 
symmetric  vibrations  as  well  as  near  1247  cm-1  for  character¬ 
istic  amide  bonding.  Previous  studies  of  tyrosine/HEMA 
conjugations  have  reported  radicalization  of  the  — OFI  group 
on  the  tyrosine  via  peroxide  exposure,  which  served  as  an 
attachment  site  for  HEMA,  and  show  bonding  characteristics 
similar  to  those  observed  here.48  This  study  was  carried  out  on 
tyrosine  exposed  on  a  collagen  surface  and  directly  modified 
through  peroxide  exposure  and  surface  radicalization  to  bond  to 
free  HEMA  monomer.  The  PP-Tyr/TTIP  film  is  seen  to  retain 
the  Ti— O  peak  at  697  cm-1,  indicating  the  presence  of  titania  if 
the  total  thickness  of  the  film  is  probed.  This  peak  is  shifted  and 
somewhat  obscured  from  Si— C  bonding  occurring  as  the 
deposited  material  bonds  to  the  surface. 

All  of  the  copolymerized  films  show  peaks  that  are  consistent 
with  both  the  tyrosine  ring  structure  remaining  intact  and  the 
selected  marker  peaks  from  the  second  component,  indicating 
that  copolymerization  is  occurring  and  resulting  in  a  highly 
cross-linked  film  with  a  binary  composition.  This  shift  from  the 
L-tyrosine  position  of  876  cm-1  is  seen  in  all  the  composite 
films  at  840,  839,  and  857  cm-1  for  PP-Tyr/ACN,  PP-Tyr/ 
HEMA,  and  PP-Tyr/TTIP,  respectively.  The  PP-Tyr/TTIP 
peak  at  857  cm-1  is  determined  through  deconvolution  of  a 
single  larger  peak  seen  and  represents  our  best  estimate.  All  the 
peak  shifts  of  this  NH2  peak  in  the  copolymerized  films  are  less 
than  that  of  L-tyrosine  to  PP-Tyr,  which  indicates  that  the 
monomers  are  forming  bonds  near  this  position  in  the 
molecular  structures.  The  shift  shows  that  this  is  occurring 
between  the  two  monomers  and  they  are  not  solely 
polymerizing  as  isolated  monomers.  It  is  noted  that  this  NH2 
peak  does  not  appear  in  the  PP-ACN  film  and  is  a  characteristic 
peak  of  tyrosine.  These  results  indicate  the  presence  of  tyrosine, 
and  the  consistent  shift  seen  in  the  copolymerized  films  likely 
results  from  NH2  acting  as  a  bonding  site,  leading  to  the 
conclusion  that  true  copolymerization  of  the  monomers  is 
occurring  during  the  plasma  deposition. 

XPS  of  the  copolymerized  films  shows  the  expected 
characteristic  peaks  of  PP-Tyr/ACN,  PP-Tyr/HEMA,  and 


PP-Tyr/TTIP  with  strong  peaks  of  carbon,  nitrogen,  and 
oxygen  as  demonstrated  in  a  representative  observational  XPS 
plot  (Figure  9A).  The  atomic  percentage  distributions  show  the 
expected  elemental  presence  in  the  films  and  generally 
correspond  with  the  theoretical  predictions  of  the  composition 
(Table  2).  The  theoretical  atomic  percentages  were  estimated 
assuming  a  1:1  ratio  of  the  mixed  monomers.  While  PP-Tyr/ 
ACN  and  PP-Tyr/TTIP  have  values  that  are  in  general 
agreement  with  the  expected  values  for  a  1:1  mixture,  PP-Tyr/ 
HEMA  shows  an  increased  carbon  (and  thus  decreased 
oxygen)  content  in  the  copolymerized  film  similar  to  that  in 
the  homogeneous  PP-HEMA  film.  The  expected  nitrogen 
signal  from  tyrosine  is  present  in  the  PP-Tyr/HEMA  film  but 
not  in  the  PP-HEMA  film,  which  indicates  the  presence  of  both 
monomers  in  the  PP-Tyr/HEMA  film.  The  excess  carbon  is 
likely  carbon  contamination  which  commonly  occurs  on  a 
surface  of  active  plasma-polymerized  films. 

High-resolution  XPS  spectra  of  the  carbon  content  in  the  PP- 
Tyr/ACN  and  the  PP-Tyr/HEMA  films  show  a  shift  of  the 
carbon  peaks  consistent  with  combining  the  two  monomers 
(Figure  9B,C).  The  primary  peaks  corresponding  to  C— C  and 
C— H  bonds  are  present  in  all  single-material  films. 
Deconvolution  of  all  carbon  peaks  was  performed  to  determine 
the  exact  position  of  all  peaks  (see  the  example  in  Figure  9  E). 
The  PP-Tyr/ACN  film  shows  C=0  bonds  (289.1  eV)  not 
present  in  the  PP-ACN  film  and  a  diluted  presence  of  C— N 
(286.3  eV)  with  the  addition  of  the  C— C  (284.5  eV)  bonds 
from  tyrosine.73  The  same  C=0  shoulder  is  seen  in  the  PP- 
HEMA  films  (289.6  eV)  as  well  and  is  expected  on  the  basis  of 
its  chemical  structure.  The  PP-Tyr/TTIP  XPS  spectrum  shows 
clear  C— C,  C— H  (285.6  eV),  and  C— O  (289.0  eV)  peaks  with 
a  broadening  of  the  primary  peak  from  the  addition  of  C— N 
(287.1  eV)  containing  tyrosine  (Figure  9D).  These  results 
indicate  that  the  original  molecular  carbon  architecture  remains 
mainly  intact  during  the  plasma  polymerization. 

The  PP-Tyr/TTIP  XPS  scan  shows  the  carbon,  oxygen,  and 
nitrogen  peaks  as  expected,  but  does  not  show  a  clear  signature 
of  titanium.  We  suggest  that  this  result  indicates  that  the  titania 
is  buried  in  the  film  and  is  not  present  at  the  surface.  As  known, 
a  common  XPS  probing  depth  is  around  10  nm  for  carbon- 
based  materials.74  A  titanium  signal  is  clearly  seen,  however,  at 
around  4.5  keV  in  the  EDS  spectrum  (Figure  9A,  inset). 
Additional  evidence  of  the  presence  of  titanium  is  seen  in  both 
FTIR  and  ellipsometry  data.  While  the  amount  of  titanium  seen 
via  EDS  is  relatively  small  (~2  atom  %),  it  confirms  the 
presence  of  this  element  in  the  film,  an  indication  that  the 
copolymerizations  are  occurring  as  described  and  corroborating 
the  FTIR  and  ellipsometry  assertions  that  titanium  is  present  in 
the  films.  The  fact  that  a  titanium  presence  is  visible  with  EDS 
and  FTIR  is  due  to  the  fact  that  these  techniques  probe  the 
composition  of  the  entire  film. 

As  observed,  the  refractive  indices  of  mixed  films  fall  between 
the  two  indices  for  the  individual  components  as  usually 
observed  for  mixed  films  without  significant  heterogeneities 
(Figure  10).39'75  This  refractive  index  can  be  adjusted 
depending  on  the  composition  of  the  films  by  controlling  the 
feed  rates  of  the  monomers  into  the  plasma,  although  this  is 
somewhat  more  of  a  challenge  to  control  with  a  sublimation 
process.  The  possibility  of  the  refractive  index  changing  is 
highlighted  in  three  different  examples  for  the  PP-Tyr/HEMA 
composite  film,  which  shows  a  lower  refractive  index  after  the 
HEMA  supply  is  increased  (Figure  10B).  The  PP-Tyr/TTIP 
film  clearly  shows  a  higher  refractive  index  than  the  PP-Tyr 
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Figure  10.  Refractive  index  of  (A)  PP-Tyr/ACN,  (B)  PP-Tyr/HEMA, 
and  (C)  PP-Tyr/TTIP  coatings. 


film,  but  lower  than  that  of  the  PP-TTIP  film  (Figure  10C). 
The  change  in  refractive  index  to  a  higher  value  is  a  strong 
indication  of  the  presence  of  titania  and  its  role  as  an  optical 
modifier  of  the  films.  It  is  worth  noting  that  refractive  index 
variation  is  an  important  feature  which  can  be  adapted  to  many 
other  plasma-deposited  systems  as  well.  Finally,  all  composite 
films  exhibited  a  low  absorption  (fc)  value  of  less  than  0.04  over 
the  visible  spectra,  indicating  a  relatively  low  light  absorption, 
important  for  optical  coatings. 


While  these  data  offer  glimpses  into  the  composition  and 
structure  of  the  films,  they  are  not  the  basis  for  a  final 
conclusion  of  the  film  structure.  Further  detailed  chemical 
analysis  to  precisely  determine  the  structure  of  the  plasma- 
polymerized  film  could  be  done  via  techniques  such  as  NMR 
and  mass  spectrometryy.  This  approach,  however,  has  proven 
difficult  for  any  polymerized  ultrathin  coatings  (e.g.,  brushes) 
due  to  the  insolubility  of  these  coatings. 

■  CONCLUSIONS 

We  have  demonstrated  that  a  selected  amino  acid,  L-tyrosine,  is 
able  to  be  copolymerized  with  other  synthetic  organic  and 
inorganic  monomers  via  PECVD  to  form  a  stable  and  robust 
partially  cross-linked  composite  coating  with  fine  morphology 
formed  by  microphase-separated  individual  components  which 
to  great  extent  preserve  their  individual  chemical  composition 
and  morphological  features.  Copolymerization  of  materials  via 
sublimation  PECVD  demonstrates  the  ability  to  combine 
biologic  and  nonbiologic  molecules  into  a  single  uniform 
coating  of  several  hundred  nanometers  thickness  in  a  rapid, 
facile,  solventless,  one-step  procedure.  This  copolymerization 
method  can  be  used  to  form  biologically  active  and 
biofunctionalized  robust  coatings  by  adding  amino  acids  and 
short  peptides  for  organic  and  inorganic  matrixes.  We  believe 
that  the  amino  acid  used  in  this  study  can  serve  as  a  proxy  for 
other  biological  molecules  (such  as  short-chain  peptides)  which 
can  potentially  be  copolymerized  in  a  similar  fashion  with  other 
polymers  and  inorganic  materials  to  produce  robust  films  with 
desired  compositions  and  enhanced  surface  functionality  and 
compatibility.  Since  the  plasma  polymerization  fabrication 
approach  can  be  widely  applied  to  many  different  surfaces, 
this  technique  has  the  potential  to  be  applicable  for  designing 
enhanced  biological  interfaces. 
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